ABSTRACT As one of the candidate waveforms for 5G, generalized frequency division multiplexing (GFDM) is a flexible non-orthogonal multicarrier technique. Similar to orthogonal frequency division multiplexing, GFDM communication system suffers from symbol timing offset (STO) and carrier frequency offset (CFO) caused by multipath effect and Doppler shift. In this paper, we design a pseudo noise (PN) based preamble and propose an approach for signal synchronization. The preamble is composed of two identical PN sequences whose autocorrelation and cross-correlation are better than cyclic prefix (CP). STO can be detected by calculating the correlation coefficient between the local PN sequence of receiver and the corresponding preamble part of sliding window. These two adjacent PN sequences can be used to calculate phase offset value by Fourier transform, and then obtain CFO value. Simulation results demonstrate that, compared with conventional CP-based synchronization, the proposed approach has the lower mean square error and symbol error rate at the cost of just a little bit more bandwidth.
I. INTRODUCTION
In the fourth generation (4G) mobile communications, Orthogonal Frequency Division Multiplexing (OFDM) is widely used as the core technology of physical layer [1] because of its high spectrum utilization, strong capability to combat interference and fading. However, the physical layer of the fifth generation (5G) mobile communications puts forward higher demands on flexibility, reliability, spectral efficiency, robustness and scalability. For example, the tactile Internet requires extremely low latency; the Enhanced Broadband needs a transmission rate up to 10Gbps; Low-power Machine-Type Communications (MTC) need to support massive connectivity [2] ; Wireless Regional Area Network (WRAN) requires greater coverage. In this context, OFDM cannot adapt to different applications and scenarios in 5G communication system. Therefore, OFDM is not the best waveform for future 5G physical layer [3] . Both Filter Bank Multi-Carrier (FBMC) and Generalized Frequency Division Multiplexing (GFDM) are candidate waveforms for 5G [4] . Since they do not require orthogonality, power loss can be reduced. Also, their Out-of-Band (OOB) leakage can be reduced by non-rectangular pulse shaping. Since FBMC uses filter bank for modulation and demodulation, it does not require strict synchronization between subcarriers. However, the design of prototype filter has to meet the specific requirements of frequency response, which leads to the high complexity of system implementation [5] . In contrast, GFDM is a flexible waveform, whose data block has a two-dimensional structure in time and frequency domain. Compared with FBMC, GFDM has the lower equalization complexity at receiver and is more suitable for burst signal transmission. Therefore, GFDM is more competitive and advantageous in 5G communications. Therefore, we choose GFDM as the waveform to be studied in this paper.
Multipath effect and Doppler shift in wireless communications would lead to Symbol Timing Offset (STO) and Carrier Frequency Offset (CFO), which have great impacts on the reliability and effectiveness of signal transmission. Therefore, good synchronization approaches are necessary to reduce the error caused by STO and CFO. For OFDM communication system, there are many solutions to synchronization problems. A reduced-complexity maximum likelihood estimation synchronization approach based on Cyclic Prefix (CP) was proposed in [6] . A symbol timing synchronizer for OFDM system based on Pseudo-Noise (PN) sequence was proposed in [7] . A training sequence based timing synchronization approach for Power Line Communication (PLC) was proposed in [8] for OFDM systems.
Though there are many similarities between GFDM and OFDM, their data block structures are quite different. It leads to that the synchronization approaches used in OFDM cannot be applied to GFDM directly. Therefore, the synchronization for GFDM system is an urgent problem to be solved. There are still few research results of GFDM synchronization. An analytic model that evaluates Bit Error Rate (BER) performance of GFDM in the case of imperfect synchronization was proposed in [9] . The impacts of STO and CFO on GFDM system were analyzed in [10] where the Signalto-Interference Ratio (SIR) performance between GFDM and OFDM systems in the presence of STO and CFO was compared. A synchronization approach based on embedded training sequences in the payload of GFDM symbol was proposed in [11] . A CP-based synchronization approach was proposed in [12] which utilizes the side-lobe of prototype filter to achieve data repeatability. However, the expansion of estimation range has to rely on large amounts of data.
As analyzed above, CP-based synchronization is a common approach. Due to the particularity of GFDM data block structure, the direct application of CP-based synchronization to GFDM system is restricted. To cope with the limitation, a PN sequence based synchronization approach is proposed in this paper. The main contributions of the paper are summarized as follows:
• We design a novel preamble consisting of two identical PN sequences. Unlike the conventional single PN sequence based preamble, STO and CFO can be detected only inside the preamble to achieve higher detection accuracy without involving GFDM data part.
• We improve the accuracy of STO detection by using the proposed preamble because of its good autocorrelation and cross-correlation. We use a sliding window and make it slide point by point. By calculating the correlation coefficient between the local PN sequence of receiver and the corresponding part of the window, the STO value can be obtained by the peak of correlation coefficient.
• We deal with phase flip and expand CFO detection range. We use Fourier transform to simplify the calculation of phase difference between the two PN sequences and obtain CFO value. Since the two PN sequences are contiguous, the possible phase flip caused by successive GFDM sub-symbols can be eliminated. Thus, the detection range is expanded. The remaining of the paper is organized as follows. In Section 2, the synchronization model of GFDM communication system and the impacts of STO and CFO on the system are expounded. In Section 3, the traditional CP-based synchronization is analyzed. In Section 4, a PN sequence based synchronization is proposed whose advantages over the traditional approach are analyzed. In Section 5, the two approaches described in Section 3 and Section 4 are simulated, compared and discussed. Section 6 concludes this paper.
II. SYNCHRONIZATION MODEL FOR GFDM COMMUNICATION SYSTEM
The GFDM communication system model is shown in Fig. 1 . The data source b is a binary data stream. After encoding, reshaping and mapping operations, a
Specifically, GFDM data block contains M sub-symbols and each sub-symbol has K subcarriers. g k,m is the pulse shaping function corresponding to the element d k,m . After pulse shaping, the transmit symbol is given by
(1) can be expressed by its vector form as below
Where A is a KM × KM transmission matrix whose expression is given by
After pulse shaping and CP adding operations, the signal x is windowed. Followed by parallel-serial conversion, the signal x with CP is sent to channel and transmitted to the receiver. The received signal x ch is given by
Where H is the channel matrix; N is the noise matrix. The received signal needs to be synchronized to correct the error caused by STO and CFO. After the synchronized signal is demodulated, demapped and decoded, a data stream with low Bit Error Rate (BER) can be obtained, and then the receiver can recover the original information. In the following sections, two different synchronization approaches will be analyzed in detail.
In fact, the received signal (4) would suffer from STO and CFO. Multipath effect is one of the main causes of STO [11] . The STO in different situations is shown in Fig. 2 . In Fig. 2 , case (a) shows the perfect synchronization. Case (b) shows that the estimation point lags behind the standard point. Specifically, the overlap between successive GFDM data blocks would happen that leads to Inter-Symbol Interference (ISI). Case (c) and (d) indicate that the estimation point is ahead of the standard point. For case (c), since STO is less than the length of CP, the current GFDM data block is not subject to the impact of the previous one. For case (d), since STO is larger than the length of CP, the successive GFDM data blocks overlap with each other resulting in ISI and InterCarrier Interference (ICI). Fig. 3 demonstrates the structural difference between OFDM and GFDM symbol. Different from OFDM, GFDM data block has a two-dimensional structure consisting of multiple sub-symbols. When synchronization is lost, the entire GFDM data block suffers from STO resulting in higher error rate. In this section, the impact of STO on the SER in GFDM system is simulated when STO values are 0, ±1 and ±10 samples, respectively. Simulation results are shown in Fig. 4 .
It can be seen from Fig. 4 that STO affects SER performance distinctly. As long as STO value is not equal to 0, SER reaches about 0.9 and almost keeps unchanged. However, the synchronization efficiency of GFDM system is higher than OFDM system because of the following reason. One GFDM data block contains multiple sub-symbols, while one OFDM data block includes only one sub-symbol. In the case of the same number of sub-symbols, OFDM system needs to detect the offset of each sub-symbol separately, while GFDM system synchronizes multiple sub-symbols simultaneously.
Doppler shift and the mismatch between local oscillators at the transmitter and receiver are the major causes of CFO. In this section, the impact of CFO on the SER in GFDM system is simulated when the normalized CFO values are 0, 0.01, 0.03, 0.05 and 0.1, respectively. Simulation results are shown in Fig. 5 . In contrast to the impact of STO, the different values of CFO correspond to the different curves of SER. As shown in Fig. 5 , for a fixed SNR, SER increases with the increase of CFO value. The existence of CFO leads to the generation of phase offset and deteriorates SER performance. As CFO increases, the phase offset becomes larger. When CFO exceeds a certain value, in other words, the resulting phase offset exceeds π , a phase flip is produced and the system SER is greatly deteriorated.
III. CP-BASED SYNCHRONIZATION
Since the loss of synchronization has a great impact on the system reliability, a good synchronization approach is necessary. As the non-data-assisted approach, CP-based synchronization is traditionally used in OFDM system. Without adding additional assistance data, it requires only data itself and has the higher efficiency than the data-assisted synchronization approaches. The CP-based synchronization model is shown in Fig. 6 .
The length of CP is denoted by N CP . The double sliding windows w 1 and w 2 whose length is N CP slide point by point from front to back. The length of GFDM data is equal to the distance between w 1 and w 2 . The cross-correlation coefficient of the corresponding data parts of w 1 and w 2 is calculated as
Where N = K × M , r represents the data parts of w 1 and w 2 . In this case, the STO detection result n CP can be obtained by detecting the peak of R CP which is expressed as
When n CP = 0, the double sliding windows are exactly at the standard point that means perfect synchronization. When n CP < 0, the data is ahead of the standard point. When n CP > 0, the data lags behind the standard point. Fig. 7 shows the correlation coefficient curve of CP-based synchronization. With a CP length of 128 samples, the sliding distance of the double sliding windows is 256 samples. Since CP is copied from a part of GFDM data block, the judgement accuracy based on the correlation coefficient between w 1 and w 2 is low. For example, when STO=10, as demonstrated in Fig. 7 , it can be seen that the correlation coefficient in the proximity of the actual offset position (n = 118) is similar. As a result, the misjudgment would happen and lead to errors.
In CFO synchronization, the CFO of w 2 is M times than w 1 because of M sub-symbols contained in GFDM data block. The following expression holds
Where W 1 and W 2 can be obtained after w 1 and w 2 are transformed by using Fast Fourier Transform (FFT), respectively. 2π M ε is the phase offset value. In the actual detection, only the normalized ε needs to be detected to obtain the estimated CFO value. According to (7), the CFO detection range of CP-based synchronization is (−π/M , π/M ). After passing channel, a phase flip occurs if the actual CFO is larger than π/M or smaller than −π/M . It would make synchronization more difficult. Therefore, it is necessary to determine whether a phase flip does happen. Once a phase flip is detected, it should be corrected before synchronization.
In summary, CP-based synchronization has the disadvantages of insignificant correlation peak and possible phase flip. To overcome these limitations, a PN sequence based synchronization is proposed in the next section.
IV. PN SEQUENCE BASED SYNCHRONIZATION
PN sequence is a commonly-used preamble sequence whose advantages lie in its good autocorrelation and crosscorrelation. There are several types of PN sequences, such as shift register sequence, Gold sequence and GMW sequence. As a type of shift register sequences, the m sequence has the lower generation complexity compared with the M sequence. Therefore, the m sequence is selected as the PN sequence in this section. The synchronization model based on PN sequence is shown in Fig. 8 . The preamble sequence in Fig. 8 contains two identical PN sequences y 1 and y 2 with the same length of K . After encoding, reshaping, mapping, and pulse shaping operations, the modulated PN sequence x PN is derived as
Here, x PN can still be windowed to reduce the OOB leakage. Then, the modulated PN sequence is transmitted to the receiver prior to GFDM data block. The corresponding received signal is expressed as
In timing synchronization, the local sequence generator at the receiver produces a PN sequence of length K to execute the correlation operation with the received y PN . A sliding window w 1 of length K slides point by point, and then the cross-correlation coefficient between the corresponding part of w 1 and the local PN sequence is calculated as
Where x PN is the local PN sequence. The correlation coefficient curves of PN-based synchronization when STO values are 0 and ±10 samples are shown in Fig. 9 . When N CP = 128, the moving distance of the sliding window is only 128 samples. Compared with Fig. 7 , there is a distinct single peak for each STO value (STO = −10, 0 and 10, respectively), as shown in Fig. 9 . It also confirms the good correlation of PN sequence. Therefore, the value of n PN can be determined by detecting the peak of the correlation coefficient. The STO detection result is expressed as
However, the obtained STO cannot be directly used for synchronization because it is necessary to judge whether the STO is leading to or lagging behind the standard point. In Fig. 9 , there are 128 subcarriers in GFDM system. When STO = -10, n PN = 10. When STO = 10, n PN = 118. In the extreme case of large STO, for example, STO = 118, n PN is also equal to 10. Therefore, the further calculation is necessary to determine the actual case of leading or lagging.
Since the preamble consists of two identical PN sequences, the cross-correlation efficient between x PN and the corresponding part of w 1 in Fig. 10 can be calculated to obtain the correlation coefficient expressed as
For the lagging case as shown in Fig. 10(a) , the corresponding position of n PN + K is exactly the beginning of y 2 . Because y 2 is identical to y 1 , x PN is correlated to y 2 that results in the high cross-correlation coefficient R PN . Therefore, the lagging case can be determined by the high R PN and n PN is the actual STO value. Similarly, for the leading case as shown in Fig. 10(b) , the corresponding position of n PN +K is not the beginning of y 2 that results in the low cross-correlation coefficient R PN . Thus, the leading case can be determined by the low R PN and the actual STO value is K − n PN .
After the actual n PN obtained, the STO of GFDM data part can be corrected by zero padding. But in the case of leading, after zero padded to the end of GFDM data and CP removal, the last sub-symbol may suffer from data loss. Here, we use Cyclic Suffix (CS) to eliminate the impact of data loss and maintain the integrity of data after the removals of CP and CS.
In frequency synchronization, the receiver receives two identical PN sequences y 1 and y 2 , whose relationship is shown as
Using the relationship of (13), the detected CFOε can be obtained asε The Mean Square Error (MSE) ofε can be calculated to determine the deviation betweenε and the actual CFO as follows
Where N represents the detection time on the premise of fixed SNR. Since the CFO difference between y 1 and y 2 is ε, the detection range is (−π, π).
V. SIMULATION RESULTS AND ANALYSIS
In this section, the two approaches in Section III and Section IV are implemented by MATLAB simulations [14] - [17] . The simulation parameters are given as follows. The digital baseband modulation is 16QAM. We set M = 5, K = 128, n CP = 128, the length of CS is n CS = 64 and the roll-off coefficient of pulse shaping function α = 0.2. The frequency selective channel is used and the multipath number is 2.
As mentioned in Section IV, for timing synchronization, the PN-based synchronization has acute peak of cross-correlation efficient. Besides, for frequency synchronization, if sub-symbol number M is large, the CFO detection range for CP-based synchronization will be reduced, while the PN-based synchronization can maintain the detection range stable. The MSE curves for these two synchronization approaches are shown in Fig. 11 and Fig. 12 , respectively.
As shown in Fig. 11 , the STO error is large in the case of low SNR for the CP-based synchronization. In contrast, the PN-based synchronization has small STO error and keeps stable MSE for both low and high SNR because of the good correlation of PN sequence. Fig. 12(a) shows the MSE curves in the case of M = 5 and ε = 0.05. In this case, M ε = 0.25 < 0.5, phase flip does not happen to the CP-based synchronization. Both approaches have satisfactory performance at high SNR. Fig. 12(b) demonstrates the MSE curves in the case of M = 5 and ε = 0.14. In this case, M ε = 0.7 > 0.5, phase flip happens to the CP-based synchronization leading to that the detected CFO cannot be used directly for synchronization. It can be seen from Fig. 12(b) that the MSE of PN-based synchronization is low and descending. Therefore, in GFDM system, when the detected ε is in the range of (−0.5, 0.5), the PN-based synchronization has the advantages of stability and simplicity. Although a phase flip occurs when ε is larger than 0.5, the detection range can be expanded by training symbols with multiple repetitive patterns, e.g. we can send a specific period of preamble for CFO estimation, which contains only training sequence without data.
Next, we set STO = 10 and the normalized CFO ε = 0.15. Since the complex coding process is not involved in the simulation, SER is selected as the metric to compare the performances of CP-based and PN-based synchronizations. The SER curves are demonstrated in Fig. 13 .
In Fig. 13 , ZF0 stands for the SER curve without CFO, ZFPN and ZFCP represent the SER curves with ε = 0.15 for the PN-based and CP-based synchronizations, respectively. Compared with the CP-based synchronization, the SER performance for PN-based synchronization is better in the case of a large number of sub-symbols. Even at low SNR, the PN-based synchronization is suitable for GFDM system owing to the reliable offset detection.
VI. CONCLUSION
In this paper, a PN-based synchronization approach for GFDM communication system is proposed. According to the theoretic analysis and simulation results, the following conclusions can be drawn. First, for STO synchronization, the correlation of CP is worse than PN sequence. In this case, the error of correlation detection may lead to high SER. Second, for CFO synchronization, since GFDM data block consists of multiple sub-symbols, the large CFO is prone to phase flip. As a result, the CFO detection range is certainly shrunken. In contrast, the CFO detection range for PN-based synchronization is expended to (-0.5,0.5) and the synchronization complexity is reduced. Although the PN sequence based synchronization may occupy a little more bandwidth than the CP-based synchronization, the approach based on PN sequence can be a qualified candidate for GFDM synchronization if the reliable data transmission is the primary consideration.
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